Introduction
The metabolic syndrome is a cluster of disorders including obesity, nonalcoholic fatty liver disease (NAFLD), hypertriglyceridemia, and insulin resistance, which predisposes to the development of type 2 diabetes and cardiovascular disease (1) . This syndrome is also characterized by a pathogenic paradox in which the liver appears selectively insulin resistant: hyperinsulinemia is unable to appropriately suppress glucose production, but the liver remains sensitive to insulin's ability to stimulate de novo lipogenesis (DNL) (2) .
Despite extensive investigation, the mechanisms accounting for this apparent paradox remain controversial. Investigation at the level of hepatic insulin signaling suggested that different arms of the insulin signaling cascade might be differentially sensitive to insulin (3) (4) (5) (6) . For instance, insulin signaling to inhibit the transcription factor forkhead box O1a (FOXO1A), which transactivates gluconeogenic enzyme gene expression, might be impaired, while insulin-mediated stimulation of a mechanistic target of rapamycin (MTOR)/sterol regulatory element-binding transcription factor 1 (SREBPF1 or SREBP1) signaling axis, which upregulates a DNL gene program, remains intact (5) . However, others reported that defects in hepatic insulin signaling occur at the level of the insulin recep-tor, proximal to the proposed branch points in insulin signaling, thereby precluding differential insulin signaling as a mechanism to explain this paradox (7) . It has also been suggested that insulin's acute effect of reducing hepatic glucose production (HGP) is independent of hepatic insulin signaling altogether and instead depends on suppression of adipose lipolysis and delivery of fatty-acid substrate to the liver (8, 9) . However, this contrasts with other studies indicating that insulin's acute effect of reducing glucose production is mediated through insulin's actions directly on the liver (10, 11) . These studies do not address the observation that hyperinsulinemia fails to suppress hepatic glucose-6-phosphatase (G6PC) expression in insulin-resistant humans (12) , a condition where increased DNL in association with steatosis and hypertriglyceridemia is readily apparent (13, 14) . Understanding the signaling mechanism regulating G6pc in this context is important, as increased hepatic G6PC is sufficient to cause glucose intolerance and insulin resistance (15) .
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ChREBP regulates fructose-induced glucose production independently of insulin signaling Mi-Sung Kim, 1 Sarah A. Krawczyk, 1 Ludivine Doridot, 1 Alan J. Fowler, 1 Jennifer X. Wang, 2 Sunia A. Trauger, 2 Hye-Lim Noh, 3 Hee Joon Kang, 3 John K. Meissen, 4 Matthew Blatnik, 4 Jason K. Kim, 3 Michelle Lai, 5 and Mark A. Herman 1, 6 It has recently been hypothesized that hepatocyte CHO metabolites (hexose-or triose-phosphates) might not only stimulate ChREBP and activate DNL, but might also serve as a signal to enhance HGP (17, 18) . This hypothesis derives in part from the counterintuitive observation that while ChREBP is known to stimulate glycolysis through transactivation of glycolytic genes (22) , it may also transactivate expression of G6pc encoding the enzyme er, from skeletal muscle and adipose tissue enhances hepatic DNL (20) . Additionally, siRNA-mediated knockdown of ChREBP in ob/ob mice decreases hepatic DNL in the setting of persistent hyperinsulinemia (21) . Thus, hepatic DNL may be regulated by increased substrate delivery independently of insulin signaling. However, whether increasing intrahepatic CHO metabolites might also signal to increase glucose production has not been fully explored. HFrD induced a significant increase in body weight compared with chow, with a trend toward increased body weight on HDD ( Figure 1A ). Adiposity was significantly increased in both HFrD and HDD compared with chow ( Figure 1B ). Ad libitum-fed insulin levels were significantly higher in HFrD ( Figure 1C ) compared with chow, without differences in blood glucose levels ( Figure  1D ), suggesting that fructose-fed mice are insulin resistant. HFrD, but not HDD, significantly increased plasma triglyceride ( Figure  1E ). Both HDD and HFrD significantly increased hepatic steatosis ( Figure 1F ). HFrD, but not HDD, caused glucose intolerance ( Figure 1G ) and increased glycemic excursion following glycerol injection ( Figure 1H ): a glycerol tolerance test. Together, these results demonstrate that increased fructose consumption can induce metabolic disease including impaired glucose and lipid homeostasis compared with chow-fed mice and independently of obesity, adiposity, and hepatic steatosis when compared with dextrose-fed mice. We next examined whether ChREBP might be involved in HFrD-induced metabolic disease by measuring hepatic gene expression of ChREBP and Srebp1c -another important transcriptional regulator of hepatic DNL (37) -and the expression of glycolytic, fructolytic, lipogenic, and gluconeogenic enzymes ( Figure 2 , A-E). HFrD markedly induced hepatic ChREBP-β, but not ChREBP-α or Srebp1c (Figure 2A ). The relative importance of ChREBP-α versus -β in terms of total ChREBP activity is currently unknown. However, because ChREBP-β expression requires ChREBP-α activity and ChREBP-β is more transcriptionally potent than ChREBP-α, ChREBP-β expression is the best-known surrogate marker of total ChREBP activity (36 (23, 24) . Consistent with this, G6pc expression is diminished in ob/ob mice when ChREBP is knocked down or crossed with ChREBP knockout (ChKO) mice (21, 25) . Here, we test whether HGP may be regulated by the abundance of hepatic substrate and whether ChREBP is a key mechanistic link in this process.
We administered fructose to mice to model the effects of increased hepatic CHO metabolites, since fructose is preferentially metabolized in the liver (26) and can rapidly increase hepatic CHO metabolite levels (27) . Also, increased fructose consumption as a component of sucrose or high-fructose corn syrup is increasingly associated with cardiometabolic disease in humans (28) . Excessive fructose consumption in both humans and rodents can produce or exacerbate all of the features of metabolic syndrome including increased fatty liver, hepatic de novo lipogenesis, and increased glucose production (29, 30) . Recently, Schwarz and colleagues demonstrated that a weight-maintaining high-fructose diet causes increased hepatic DNL and hepatic insulin resistance within 1 week (31). Thus, even short-term, weight-maintaining fructose administration can reproduce the pathophysiology associated with the pathogenic paradox of hepatic insulin resistance.
ChREBP plays an important role in fructose metabolism and fructose-induced metabolic disease, as it has been shown that whole-body ChKO mice are intolerant to diets containing fructose (22) and knockdown of ChREBP selectively in liver and adipose tissue of high-fructose-fed rats reduces DNL and hypertriglyceridemia and improves peripheral insulin sensitivity (32) . A role for ChREBP in HGP has not been extensively examined.
Results
High-fructose feeding activates hepatic ChREBP and induces metabolic disease. High-fructose feeding has been reported to activate hepatic ChREBP and its transcriptional targets in rodents (32) (33) (34) (35) . We recently discovered a potentially novel potent isoform of ChREBP, ChREBP-β, which is expressed from an alternative promoter in the ChREBP gene (36). To determine whether fructose activating hepatic ChREBP and increasing hepatic DNL and glucose production via upregulation of lipogenic and gluconeogenic gene programs, respectively. CHOs metabolized by the liver acutely activate ChREBP. We next planned to test whether ChREBP is essential for the fructose-induced changes in gene expression using ChKO mice. However, because ChKO mice are intolerant to dietary fructose and cease eating when challenged with fructose-containing diets (ref. 22 and Supplemental Figure 1 ; supplemental material available online with this article; doi:10.1172/JCI81993DS1), we first established a gavage paradigm to deliver defined amounts of different CHOs and examine their acute effects on hepatic gene expression. Fructose is largely extracted by the liver first pass (26) . In contrast, ATP-citrate lyase [Acly], acetyl-CoA carboxylase-α [Acaca]) gene expression compared with HDD and chow. Additionally, HFrD, but not HDD, induced expression of factors essential for glucose production including G6pc and Slc37a4, which mediates transport of glucose-6-phosphate (G6P) into the endoplasmic reticulum lumen where G6PC catalytic activity resides. In contrast, expression of the gluconeogenic enzyme phosphoenolpyruvate carboxykinase (Pck1) was affected by neither HFrD nor HDD, indicating that the effects of fructose and potentially ChREBP on glucose production may be selective for different portions of the gluconeogenic pathway.
Consistent with gene expression data, G6PC enzymatic activity was significantly increased on HFrD, but not HDD ( Figure 2F ), suggesting that HFrD may induce features of metabolic disease by ChREBP-α and the ratio of nuclear to cytosolic ChREBP-α from water-versus fructose-gavaged mice were measured by Western blot and quantified (n = 4 per group). P values were obtained by Student's t test. *P < 0.05 compared with water. (C) ChIP was performed from liver tissue with anti-ChREBP antibody or IgG control and qPCR was performed on immunoprecipitated chromatin with primers spanning the E-box in the ChREBP-β promoter, the carbohydrate response element in the G6pc promoter, and a nonspecific genomic region. P values were obtained by 1-way ANOVA. † P < 0.05 compared with water-and glucose-ChREBP groups (n = 4 per group). (D) Five-hour-fasted, 8-week-old C3H/HeJ male mice were gavaged with glucokinase activator (PF-04991532, 100 mg/kg body weight) and then gavaged with water or glucose (4 g/kg body weight) 30 minutes later. Mice were sacrificed 100 minutes later and hepatic gene expression was measured by qPCR. P values were obtained by 2-way ANOVA. *P < 0.05 compared with methylcellulose (MC) within water-or glucose-gavaged groups; #P < 0.05 compared with water within MC-or GKA-gavaged groups (n = 6 per group). (E) Five-hour-fasted, 8-week-old C3H/HeJ male mice were gavaged with water or glycerol (4 g/kg body weight) and sacrificed 100 minutes later. P values were obtained by Student's t test. *P < 0.05 compared with water (n = 6 per group). Values are the mean ± SEM. jci.org Volume 126 Number 11 November 2016
tional activity is likely independent of enhanced nuclear import (44, 45) . As the majority of these studies have been conducted in vitro, we evaluated aspects of these models in our in vivo gavage paradigm. Western blots were performed in nuclear versus cytosolic fractions from water-versus fructose-gavaged mice ( Figure  3B ). ChREBP-α protein was readily detectable in both subcellular fractions. ChREBP-β protein was not detectable. This may be due to low absolute ChREBP-β expression levels and rapid ChREBP-β degradation, as suggested by our prior results (36) . Despite the fact that ChREBP-α gene expression did not change with fructose gavage ( Figure 3A ), the abundance of ChREBP-α protein in the cytosol increased, suggesting that fructose may enhance ChREBP-α stability. A tendency towards increased ChREBP-α protein was also observed in the nuclear fraction, though this did not achieve statistical significance. As a result, the nuclear to cytosolic ChREBP-α ratio actually tended to decrease with fructose gavage. This suggests that enhancing ChREBP-α nuclear import is not a major mechanism by which CHO metabolites activate ChREBP in vivo. To further assess mechanisms by which CHO might activate ChREBP, we assessed whether the fructose-mediated increases in ChREBP-β and G6pc expression were associated with increased ChREBP binding at CHO response elements within their promoters by chromatin immunoprecipitation coupled with quantitative PCR (ChIP-qPCR) ( Figure  3C ). We observed robust ChREBP binding to its genomic targets in basal conditions and this increased 2-to 3-fold with fructose gavage. This increase in ChREBP binding to genomic targets occurred without a corresponding increase in nuclear ChREBP protein (Figure orally ingested glucose largely escapes hepatic first-pass metabolism (38) . This occurs in part because glucokinase (GCK), which catalyzes the committed step in hepatic glucose metabolism, is sequestered and inactivated in the nucleus under the control of the GCK regulatory protein (GCKR) (39) . We hypothesized that fructose gavage would more robustly activate ChREBP and its targets compared with glucose. Indeed, fructose gavage, but not glucose gavage, acutely increased the expression of hepatic ChREBP-β 2.7fold (P < 0.001) ( Figure 3A ). This was accompanied by increased expression of glycolytic, fructolytic, and lipogenic genes as well as a robust, 7-fold increase in G6pc (P < 0.0001) ( Figure 3A ). The mechanisms by which CHO metabolites activate ChREBP-α to increase expression of ChREBP-β and other ChREBP transcriptional targets remains controversial (reviewed in ref. 40) . Nuclear translocation of ChREBP-α may be important for CHO-mediated activation (41) (42) (43) . However, ChREBP-α remains predominantly cytosolic in low-and high-CHO conditions and the transcriptional activity of mutant forms of ChREBP-α, which are constitutively localized to the nucleus, remain glucose responsive, indicating that the ability of glucose metabolites to stimulate ChREBP-α transcrip- ChKO male mice gavaged with water or fructose (4 g/kg body weight) and sacrificed 100 minutes later (n = 6-9 per group). P values were obtained by 2-way ANOVA. *P < 0.05 compared with water within genotype; # P < 0.05 compared with WT within gavage treatment; † P < 0.05 main effect of genotype. Values are the mean ± SEM.
Figure 5. ChREBP mediates the conversion of fructose to glucose.
We measured accumulation of glucose in the media after treatment with fructose or lactate+pyruvate from mouse primary hepatocytes obtained from (A) WT mice fed chow versus HFrD for 1 week (n = 3 per group) and (B) chow-fed WT versus ChKO mice (n = 4 per group). P values were obtained by 2-way ANOVA. *P < 0.05 compared with lactate+pyruvate within genotype or diet; # P < 0.05 compared with lactate+pyruvate condition within genotype or diet. (C) Serum fructose concentrations were determined by LC-MS at the indicated time points in 5-hour-fasted, 8-to 12-week-old WT and ChKO male mice after gavage with U13C-fructose (4 g/kg body weight). P values were obtained by Student's t test. *P < 0.05 compared with WT (n = 5 per group). (D) A schematic diagram illustrating our working hypothesis regarding how ChREBP regulates intracellular hexose-phosphate homeostasis. Increased sugar consumption increases hepatic carbohydrate uptake, which activates ChREBP and increases glycolysis, fatty acid synthesis, and glucose production to dispose of hexose-phosphates such as G6P. jci.org Volume 126 Number 11 November 2016 3B). These results are consistent with a model in which sufficient ChREBP protein is constitutively present in hepatic nuclei. Some of this nuclear ChREBP is bound to its genomic targets in basal conditions. Under the influence of increased CHO metabolites, binding of ChREBP to its targets is further enhanced.
To test whether the acute activation of hepatic ChREBP was mediated by a fructose-specific metabolite or whether other CHO metabolites could also activate hepatic ChREBP, we tested whether a liver-selective GCK activator (GKA, PF-04991532) might also activate ChREBP (46) . We found that administration of GKA alone increased G6pc expression 3-fold, and in conjunction with glucose gavage, further increased G6pc expression along with ChREBP-β and its transcriptional targets ( Figure 3D ). We tested ChREBP activation with 1 additional CHO, glycerol, which is a preferred hepatic gluconeogenic substrate. Glycerol metabolites enter the hepatic glycolytic/gluconeogenic carbon pools at the triose-phosphate level, similar to fructose metabolites. Glycerol acutely and robustly stimulated expression of hepatic ChREBP-β and its transcriptional targets including G6pc ( Figure 3E ). Thus, activation of hepatic ChREBP is not specific to fructose ingestion. Any carbohydrate that can increase the intrahepatic hexose-and triose-phosphate pool can likely activate hepatic ChREBP.
ChREBP is necessary for fructose-induced hepatic gene expression and conversion of fructose to glucose. To examine whether fructose-induced gene expression in the liver depends on ChREBP, ChKO mice and their wild-type (WT) littermates were gavaged with water or fructose and changes in hepatic gene expression were examined 100 minutes later. Baseline levels of lipogenic and fructolytic enzymes and G6pc were reduced in ChKO mice and failed to increase with fructose gavage, demonstrating that ChREBP is required for basal and fructose-induced changes in hepatic gene expression ( Figure 4A ). We did not observe an increase in G6PC activity in association with the increased G6pc gene expression in WT mice in this short time frame ( Figure 4B ). However, G6PC activity was 50% reduced in both water-and fructose-treated ChKO mice compared with WT, consistent with the chronic reduction in G6pc gene expression in ChKO ( Figure  4A ). This reduction in G6PC is biochemically relevant, given the trend towards increased hepatic G6P levels in ChKO compared with WT with water gavage and a marked increase in G6P in ChKO following fructose gavage ( Figure 4C ). This is consistent with previously reported increases in G6P levels in ChKO mice (22) and suggests a homeostatic model whereby increased hepatocellular hexose-phosphates, and possibly G6P itself (47), might activate ChREBP to enhance hexose-and triose-phosphate disposal. In addition to enhancing glycolytic flux and lipogenic flux (22) , enhancing conversion of G6P to glucose through G6PC is another path by which activation of ChREBP might reduce intrahepatic hexose-and triose-phosphate levels as part of this homeostatic mechanism.
Based on this homeostatic model, we hypothesized that the ability of ChREBP to activate G6PC might be an important adaptive mechanism to mediate conversion of dietary fructose taken up in the liver first pass to glucose, which can then be readily utilized as fuel elsewhere in the body. To test this, we measured the conversion of fructose to glucose in isolated primary hepatocytes. Primary hepatocytes isolated from chow-fed WT mice generated 5-fold more glucose from fructose compared with equimolar lactate plus pyruvate in the media, demonstrating that fructose is readily used as a gluconeogenic substrate ( Figure 5A ). Feeding WT mice HFrD for 1 week increased glucose production from fructose by an additional 20%, consistent with an adaptive response. In contrast, glucose production from fructose was reduced by 60% in ChKO mice ( Figure 5B ). Following fructose gavage, peripheral blood fructose clearance was impaired in ChKO mice ( Figure 5C ). Together, these results are consistent with a role for ChREBP in mediating an adaptive response to fructose ingestion and intrahepatic hexose-phosphate homeostasis (model, Figure 5D ).
Hexose-and triose-phosphates are globally increased in ChKO mice. If ChREBP mediates hepatocyte CHO metabolite homeostasis, we reasoned that knocking out ChREBP should not only increase hepatic G6P levels, but might also globally increase hepatic hexose-and triose-phosphate levels. To assess this, we performed targeted metabolomics on livers harvested from ChKO mice and controls after water, fructose, or glycerol gavage. Consistent with our hypothesis, we observed that all measured glycolytic hexose-and triose-phosphates as well as the pentose phosphate metabolite xyulose-5-phosphate, the fructolytic metabolite fructose-1-phosphate, and lactate tended to increase in ChKO livers (Supplemental Figure 2 ). Fructose gavage markedly increased fructose-1-phosphate levels in both ChKO mice and controls, and this did not occur following glycerol gavage (Supplemental Figure 3 ). Thus, increases in fructose-specific metabolites are not critical for activation of ChREBP. Fructose gavage tended to increase all of the measured hexoseand triose-phosphates and glycerol gavage tended to increase the majority of these same metabolites (Supplemental Figure 2) . Overall, these results are consistent with a role for ChREBP in mediating hepatocyte hexose-and triose-phosphate homeostasis.
Fructose induces hepatic G6PC activity and glucose production in vivo. To determine whether high-fructose feeding can enhance glucose production in vivo, we measured glucose turnover in 4-month-old WT mice fed chow or HFrD for 2 weeks using isotopic dilution and obtained liver to measure hepatic G6P levels immediately after blood was obtained for the turnover measurement. Basal glycemia was not different between groups ( Figure  6A ). HFrD increased HGP (chow 31.48 ± 1.41 mg/kg/min, HFrD 38.59 ± 2.30 mg/kg/min, P = 0.02, Figure 6B ) and this occurred with a trend toward higher insulin levels (chow 0.48 ± 0.08 ng/ ml, HFrD 0.70 ± 0.07 ng/ml, P = 0.06, Figure 6C ), consistent with insulin resistance. The increased HGP in HFrD was associated Figure 7D ) with a trend towards increased G6P and glycogen levels (Figure 7 , E and F).
As glucose production is ultimately determined by the activity of G6PC and the immediate availability of its substrate, G6P, we sought to examine the molecular factors important for regulating glucose production in vivo. We performed a pooled analysis assessing the relationship between HGP, G6PC activity, G6P levels, and insulin across the cohorts described above (5-month-old, chowfed, ChKO, and littermate controls; 4-month-old, WT mice fed chow vs. HFrD for 2 weeks; and 2-month-old WT mice fed chow vs. HFrD for 2 weeks). In this large group of mice, G6P levels decayed exponentially with increasing G6PC activity (model: G6P ~ ln(G-6PC activity), R 2 = 0.47, P = 3.06 × 10 -7 , Figure 8A and Supplemental Figure 4A ). The exponential relationship between G6PC activity and G6P is similar when ChKO mice, which appear to define the G6P asymptote as G6PC activity declines, are removed from the analysis (R 2 = 0.43, P = 6.17 × 10 -6 , Figure 8A and Supplemental Figure 4B ). Across this set of mice, HGP positively correlates with G6PC activity (R 2 = 0.34, P = 3.68 × 10 -5 , Figure 8B and Supplemental Figure 5 ), with a lower limit of ~25.5 mg/kg/min (P < 2 × 10 -16 ). Although G6P is the immediate substrate for glucose production, G6P levels inversely correlate with HGP (R 2 = 015, P = 0.009, Supplemental Figure 6 , A and B). After accounting for the strong effect of G6PC activity on HGP, G6P levels have no independent correlation with HGP (Supplemental Figure 6C ). Together, these results indicate that G6PC activity is a major determinant of glucose production and that within the physiological range tested here, G6PC activity is a more important factor than the immediate availability of substrate. The exponentially increasing G6P levels in both ChKO mice and chow-fed mice with lower levels of G6PC activity may, by mass action, compensate for reduced G6PC activity to increase HGP and help define the lower limit of HGP observed in Figure 8B . Similarly, the exponential decay in G6P levels with increasing G6PC activity may, by limiting substrate availability, define the upper limit of HGP. Importantly, ambient insulin levels did not correlate with HGP (R 2 = 0.001, P = 0.82, Figure 8C ). Moreover, by multiple regression analysis, insulin levels had minimal impact on the relationship between G6PC activity and HGP (compare Supplemental Figures 5 and 7A ). After accounting for the effect of G6PC activity on HGP, there is a tendency for insulin to negatively correlate with HGP, although this does not achieve statistical significance (R 2 = 0.05, P = 0.128, Supplemental Figure 7 , A and B). Absent evidence of impaired insulin signaling resulting from 2 weeks on an HFrD (Figure 6 ), these results indicate that the natural variation in endogenous insulin levels among chow-and with increased G6PC activity (chow 118.7 ± 5.3 nmol/mg/min, HFrD 243.9 ± 9.9 nmol/mg/min, P < 0.001, Figure 6D ). No differences in glycogen ( Figure 6E ) were observed.
Whereas fructose ingestion tends to acutely increase hepatic hexose-phosphate levels (Supplemental Figure 2) , hepatic G6P levels were reduced 4 hours after food removal in mice fed HFrD for 2 weeks (chow 0.188 ± 0.009 nmol/mg, HFrD 0.093 ± 0.006 nmol/mg, P < 0.001, Figure 6F ). These results are consistent with a homeostatic model whereby increased G6PC activity resulting from increased CHO delivery to the liver in the fed state functions to reduce hepatic G6P levels and this is readily apparent after food is withdrawn. These results also indicate that increased G6PC activity within the physiological range is sufficient to drive glucose production, even in the face of lower levels of its immediate substrate, G6P. These results are consistent with the inference that genetic overexpression of G6PC may be sufficient to drive aberrant glucose production (15) . Similar results were obtained in an independent cohort of 2-month-old mice.
We next assessed insulin signaling including the v-akt murine thymoma viral oncogene (AKT) ( Figure 6G ) and FOXO1A ( Figure  6H ), both canonical factors in the insulin signaling pathway that regulate gluconeogenic gene expression (48) . Phosphorylated AKT was highly variable in this cohort, but it was as high or higher in fructose-fed compared with chow-fed mice, consistent with intact insulin signaling. The abundance of cytosolic, insulin-inactivated FOXO1A ( Figure 6H ) was similar between diet groups and was nearly undetectable in nuclear fractions (data not shown), again consistent with intact insulin signaling. Thus, the increases in HGP and G6PC activity, and decreased G6P levels in highfructose-fed mice do not appear to be due to overt differences in hepatic insulin sensitivity.
We next asked whether ChREBP regulates glucose production in vivo. Because ChKO mice are intolerant to fructose, this was limited to chow-fed mice. Basal glycemia and insulin levels were not different between genotypes (Figure 7, A and B ). There was a tendency for modestly lower HGP ( Figure 7C) in ChKO, although this did not achieve statistical significance (WT 29.2 ± 1.2 mg/kg/min, metabolic enzymes including G6pc calibrates hepatocyte G6P levels, which may be important for coordinated regulation of glycogenolysis, glucose production, and other well-established terminal fates of hepatic hexose-and triose-phosphates such as lipogenesis. Given the limitation in subjecting ChKO mice to diets containing fructose and the absence of marked changes in glucose production between chow-fed ChKO and controls, we sought another means to test the physiological significance of reduced G6PC activity in ChKO mice by testing the glycemic response to glucagon. Glucagon robustly increased glycemia in WT, but not ChKO mice ( Figure 9A ). We next examined the effects of glucagon on hepatic glycogen and G6P levels. As expected, glycogen levels were higher in ChKO mice ( Figure 9B ). Glucagon did not increase hepatic G6P levels in WT mice, as G6P hydrolyzed from glycogen was likely efficiently converted to glucose and other end fates via high-fructose-fed mice has minimal impact on the endogenous physiological mechanisms that govern the robust relationships between G6PC activity, hepatic G6P levels, and glucose production shortly after food removal.
As G6P is also an important allosteric activator of glycogen synthesis and inhibitor of glycogenolysis, we examined the relationship between G6P and glycogen in these cohorts. Among WT and control mice on either diet, we observed no significant correlation between hepatic G6P levels and glycogen levels (R 2 = 0.02, P = 0.35, Figure 8D ). In contrast, in ChKO mice, hepatic glycogen and G6P levels strongly correlate (R 2 = 0.85, P = 0.02). This aberrant positive correlation may reflect inefficient flux of G6P to glucose due to reduced G6PC activity. This may result in aberrantly increased G6P levels, thus limiting glycogen breakdown. These results suggest that ChREBP through regulating the expression of and insulin infusion did not increase hepatic ChREBP-β expression ( Figure 10D ). Expression of ChREBP-β increased 50% in glucose-and insulin-infused mice when provided fructose (Figure 10D) . The insulin/glucose infusion tended to suppress hepatic G6pc expression. However, G6pc expression was increased in insulin-and glucose-infused mice following fructose treatment, suggesting that the effect of fructose to increase G6pc expression is dominant over the effect of a combination of insulin and glucose to suppress it ( Figure 10D ). As expected, the combined insulin and glucose infusion increased Fasn expression, and this was further enhanced with fructose administration ( Figure 10D ). The effect of fructose to increase G6pc expression in the setting of hyperglycemia and hyperinsulinemia occurs in the setting of intact insulin signaling as evidenced by robust phosphorylation of AKT ( Figure  10E ) and FOXO1A ( Figure 10F ). Together, these results indicate that ChREBP can transactivate expression of G6pc even when hyperinsulinemia excludes FOXO1A from the nucleus. FOXO1A positively regulates gluconeogenic enzyme expression including G6pc (48) , and insulin-mediated inhibition of FOXO1A accounts for the majority of insulin-mediated suppression of the expression of G6pc and other gluconeogenic enzymes (49, 50) . We sought to confirm that fructose-and ChREBP-mediated transactivation of G6pc is independent of FOXO1A. To do so, we tested the ability of fructose to induce G6pc in liver-specific Foxo1a knockout mice (Foxo1a-LKO) versus control littermates (CTL). Foxo1a expression was reduced by 70% in Foxo1a-LKO ( Figure 11A) . Fructose gavage increased ChREBP-β expression similarly in both glycolysis ( Figure 9 , A and C). G6P levels were markedly elevated in ChKO mice compared with WT, and glucagon further increased G6P levels in ChKO ( Figure 9C ). Thus, glucagon can stimulate glycogenolysis in ChKO mice, but, in contrast with WT mice, G6P produced from glycogenolysis is trapped within the glycolytic/ gluconeogenic carbon pool. Consistent with the results from the turnover experiments, we observed no correlation between G6P and glycogen levels in WT mice (Supplemental Figure 8, A and  B) . However, within the ChKO group, by multiple regression, G6P levels correlate with glycogen levels independently of glucagon treatment (P = 0.018, Supplemental Figure 8C ). No differences were observed in serum insulin levels between groups ( Figure 9D) . These results support an important role for ChREBP to coordinate hepatic G6PC activity to regulate HGP and hepatic hexose-phosphate homeostasis.
ChREBP regulates G6pc independently of insulin signaling. To examine whether sugar-induced ChREBP-mediated transactivation of G6pc might contribute to an apparent increase in hepatic insulin resistance, we tested whether the effect of fructose to enhance hepatic G6pc expression can overcome the effect of insulin to suppress it. In anesthetized mice, we infused insulin (1.5 mU/kg/min) and glucose (25 mg/kg/min) through the inferior vena cava (IVC) and injected water or fructose into the stomach ( Figure 10A ). We achieved marked hyperinsulinemia and hyperglycemia in mice infused with glucose and insulin throughout the duration of the experiment (Figure 10, B and C) . Consistent with our glucose gavage data, hyperglycemia generated via glucose multiple regression analysis, the correlations between ChREBP-α and ChREBP-β with G6pc are independent of each other and the correlation between ChREBP-β with G6pc is much stronger than that of ChREBP-α. These data suggest that a distinct gene expression program may exist that coregulates Pck1, G6pc, and ChREBP-α expression. Altogether, these data are consistent with the conclusion that ChREBP may contribute to lipogenic gene expression and apparent hepatic insulin resistance at the level of G6pc expression in humans as it does in mice.
Discussion
Here we demonstrate that fructose ingestion, but not glucose ingestion, robustly and acutely activates the key metabolic transcription factor ChREBP in the livers of mice. This is associated with increased expression of genes encoding enzymes involved in glycolysis, fructolysis, DNL, as well as G6PC, the final step in HGP. ChREBP is required for fructose-induced changes in these metabolic programs, as this is absent in ChKO mice. We show that ChREBP is also important for efficient conversion of fructose to glucose in hepatocytes and whole-body fructose clearance, which suggests that this molecular mechanism may have evolved to sense dietary sugar consumption in order to enhance its efficient metabolism. When consumed in excess, fructose causes many features of metabolic disease. In this study, mice fed either HDD or HFrD developed obesity and hepatic steatosis, but only those fed an HFrD developed hyperinsulinemia, hypertriglyceridemia, and impaired glucose and glycerol tolerance, indicating that fructose has a specific deleterious effect on glucose homeostasis and hyperlipidemia independently of fatty liver. This is consistent with data showing that excessive fructose, but not glucose consumption, causes hypertriglyceridemia and impaired glucose metabolism in overweight human subjects (29) . Fructose-induced alterations in lipid metabolism are likely in part due to activation of ChREBP and its lipogenic gene program, consistent with data showing that polymorphisms in the ChREBP locus are associated with circulating triglycerides in human populations (51, 52) . How activating ChREBP might participate in impaired glucose homeostasis is less obvious. We show that ChREBP under the influence of fructose ingestion directly transactivates G6pc expression, which is one mechanism by which activating ChREBP might contribute to impaired glucose homeostasis. This is supported by data showing that overexpression of G6PC is sufficient to cause hyperinsulinemia and impair glucose tolerance in rodents (15) .
ChREBP was discovered based upon observations that glucose could stimulate gene expression in primary hepatocyte culture independently of insulin (53) . In contrast, in vivo, orally administered fructose, but not glucose robustly activates hepatic ChREBP. Moreover, several hours of hyperglycemia resulting from glucose infusion did not activate hepatic ChREBP in vivo. We have observed marked alterations in the expression of ChREBP, fructolytic enzymes, and other key metabolic enzymes occurring CTL and Foxo1a-LKO ( Figure 11B ). G6pc expression was reduced in water-gavaged Foxo1a-LKO compared with CTL, consistent with FOXO1A's known role in regulating G6pc expression ( Figure 11C ). Fructose gavage produced similar increases in G6pc expression in both CTL and Foxo1a-LKO, demonstrating that fructose-mediated regulation of G6pc is independent of the insulin-regulated factor FOXO1A ( Figure 11C ). No significant differences were noted between genotypes in serum glucose, triglyceride, or insulin following water or fructose gavage (Supplemental Figure 9 ). We next challenged CTL and Foxo1a-LKO mice with chow versus HFrD for 4 weeks. In this time frame, weight gain was similar across genotypes and diets ( Figure 11D ) and glucose intolerance did not develop ( Figure 11E ). Nevertheless, 4 weeks of HFrD was sufficient to enhance glucose excursion following glycerol administration in CTL and Foxo1a-LKO ( Figure 11F ). G6PC activity was increased 2-fold in both CTL and Foxo1a-LKO ( Figure 11G ). Thus, fructose-mediated activation of ChREBP stimulates expression of lipogenic enzymes synergistically with hepatic insulin signaling and stimulates enzymes essential for glucose production independently of insulin signaling, providing a potentially novel mechanism contributing to the apparent paradox of hepatic insulin resistance.
The ChREBP-G6PC signaling axis is conserved in humans. To determine whether a ChREBP-G6PC axis might also participate in regulating glucose production in humans, we examined expression of ChREBP and its transcriptional targets in human liver samples. Expression of ChREBP-β positively correlated with canonical ChREBP targets including Pklr and Fasn and also strongly correlated with G6pc (Figure 12 , A-C). No correlation was observed between the expression of ChREBP-β and Pck1, a gluconeogenic enzyme that is not regulated by ChREBP ( Figure 12D ). It should be noted that the expression of ChREBP-α also correlated with the expression of ChREBP target genes but less so than ChREBP-β (Supplemental Figure 10 ). By multiple regression analysis ChREBP-β, but not ChREBP-α expression correlates with the canonical ChREBP targets Fasn and Pklr (Supplemental Figure  11 ). These results are consistent with our prior data indicating that ChREBP-β expression best reflects total ChREBP activity (36). By induce G6pc and overcome insulin's ability to suppress it? These questions are motivated by reports that ChREBP-β expression as a marker of ChREBP activity is increased in livers from obese, insulin-resistant humans (57, 58) . Here we show that fructose feeding induces G6PC activity and HGP and this is dominant over insulin's effect of reducing G6pc expression via regulation of FOXO1A. After food withdrawal, the fructose-mediated increase in G6PC reduces G6P levels to close the hexose-phosphate-ChREBP-G6pc homeostatic loop. Across a large cohort of chow-versus fructose-fed mice, the strong relationships between G6PC activity, HGP, and G6P levels are insulin independent. Although exogenous insulin infusions can readily regulate glucose production by regulating glycogenolysis, G6P levels, and other mechanisms, the natural variation in endogenous insulin levels appears to have little impact on the mechanisms regulating variation in glucose production in the paradigm studied here. It will be important in the future to extend this analysis to determine whether this conclusion can be generalized to other nutritional and genetic contexts affecting HGP.
Our studies have focused on gluconeogenic enzyme expression and basal glucose production and do not exclude the possibility that selective defects in hepatic insulin signaling also contribute to the pathogenic paradox of hepatic insulin resistance by regulating HGP in other contexts. In fact, insulin action in the liver can acutely reduce glucose production (10, 11) , and this occurs in a time frame where gluconeogenic enzyme expression is largely unaffected. Thus, additional mechanisms are required to explain resistance to insulin's effect of acutely reducing glucose production, as is often observed in euglycemic-hyperinsulinemic clamp procedures.
Our results potentially provide a new perspective on this important phenomenon. We show that hepatic G6PC activity positively correlates with HGP and strongly and inversely correlates with hepatic G6P levels. This shows that increased G6PC activity can overcome a relative deficit in its immediate substrate to increase HGP. The major mechanism by which insulin is thought to acutely reduce HGP is by inhibiting net glycogen breakdown in the liver and reducing G6P availability as substrate for G6PC (reviewed in ref. 59 ). However, the effect of insulin to inhibit glycogen phosphorylase and stimulate glycogen synthase is strongly countered by the ability of low G6P levels to stimulate glycogen breakdown and limit glycogen synthesis. In fact, recent evidence indicates that the allosteric effect of G6P on glycogen synthesis and breakdown are dominant over insulin's effects (60) . Thus, low hepatic G6P levels caused by high G6PC activity might limit insulin's ability to reduce glycogen breakdown, further reduce G6P levels, and limit HGP. It remains possible that in settings where hepatic glycogen stores are depleted, insulin may be able to acutely reduce glucose production via its peripheral effects to suppress adipose lipolysis and delivery of substrate to the liver (8, 9) . Additional studies will be required to investigate these hypotheses.
Lastly, we show that in human liver biopsy samples, ChREBP-β expression strongly correlates with G6pc expression as well as the expression of DNL enzymes, indicating that this is a major mode of G6pc regulation in humans in vivo. Thus, this mechanism likely contributes to the apparent paradox of selective hepatic insulin resistance in humans as it does in mice.
during hepatocyte isolation that persist in primary hepatocyte culture, including upregulation of hexokinases not highly expressed in liver in vivo (data not shown). We suspect that these changes contribute to the reported ability of glucose to activate hepatic ChREBP in primary culture, in contrast with our results in vivo.
The ability of fructose, but not glucose, to acutely activate ChREBP in vivo is likely due to differences in how the intact liver metabolizes these 2 simple sugars. The majority of an oral glucose load escapes first-pass hepatic metabolism due in part to sequestration of GCK in an inactivated state by GCKR (39, 54) . In contrast, fructose is largely extracted by the liver first pass (26) . Moreover, the fructose metabolite fructose-1-phosphate produced by ketohexokinase destabilizes the interaction between GCK and GCKR, permitting hepatocellular glycolytic flux (55) . Thus, fructose may activate ChREBP either directly through metabolites derived from fructose or indirectly by activating hepatic GCK and enhancing glycolytic flux, which might then activate ChREBP. Our results show that glucose plus a liver-specific GKA can also robustly activate hepatic ChREBP, which indicates that a fructose-specific metabolite is not required for ChREBP activation. The fact that glycerol, which is also rapidly phosphorylated in the liver, can also acutely activate ChREBP demonstrates that multiple substrates that can enter the glycolytic/gluconeogenic carbon pool are sufficient for ChREBP activation and that activation of GCK is not a requirement. The specific metabolite and mechanism by which ChREBP is activated remains uncertain (56) .
Our results are consistent with the hypothesis that hepatic ChREBP serves as a sensor for dietary sugar ingestion. Dietary sugar occurs predominantly in the form of sucrose -1 glucose monosaccharide joined to 1 fructose monosaccharide. An evolved role for hepatic ChREBP in the metabolic response to dietary sugar would help explain the counterintuitive observation that activation of ChREBP increases both the expression of glycolytic enzymes and G6pc, the final step in glucose production. Sucrose-induced activation of ChREBP and G6PC would be important to enhance storage of ingested glucose in the liver as glycogen while simultaneously converting ingested fructose into glucose for use elsewhere in the body. This is supported by our findings here. This is also consistent with the fact that fructose ingestion, through hepatic ChREBP activation, stimulates expression of some gluconeogenic enzymes (e.g., G6pc) but not others (e.g., Pck1). Fructose metabolites enter glycolytic/gluconeogenic carbon pools at the triose-phosphate level, distal to Pck1 in the gluconeogenic pathway. Thus, efficient conversion of fructose to glucose requires G6PC activity, but not PCK1 activity. Lastly, the fact that other substrates such as glycerol or the combination of glucose and a GKA stimulate expression of fructolytic enzymes along with ChREBP, when no fructose has been provided, is consistent with the notion that ChREBP is a major effector of the response to dietary fructose.
From an organismal perspective, hepatic ChREBP plays a role in dietary sugar metabolism. From a hepatocyte-centric perspective, we and others have hypothesized that ChREBP might function to regulate hepatocyte triose-and hexose-phosphate homeostasis (17) , and our results support this model.
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Immunoblotting. To generate nuclear versus cytosolic lysates, liver tissue was initially homogenized with 10 mM Hepes (pH 7.9), 10 mM KCl, 0.1 mM EDTA, 0.1 mM EGTA, 1 mM DTT, 50 μg/ml digitonin, 0.5 mM PMSF, and protease inhibitor cocktail (Sigma-Aldrich, catalog P8340). Nuclei were then separated by 1,000 g centrifugation for 10 minutes, followed by lysis in RIPA buffer containing 50 mM Tris (pH 7.4), 150 mM NaCl, 1% (w/w) NP-40, 0.1% (w/v) SDS, 1% (w/v) Na deoxycholate, 2 mM EDTA, 50 mM NaF, and 10 mM NaPPi with 1 mM PMSF and protease inhibitor cocktail. Nuclear and cytosolic lysates were then subjected to immunoblotting with the indicated antibodies: FoxO1 (Cell Signaling, catalog 2880), phospho-FoxO1 (Cell Signaling, catalog 9461), HDAC1 (EMD Millipore, catalog 06-720), phospho-Akt (Cell Signaling, catalog 4060), Akt (Santa Cruz, catalog sc-1618 and Cell Signaling, catalog 2920), MEK1 (Cell Signaling, catalog 8727), actin (Santa Cruz, catalog sc-1616), ChREBP (Novus Biologicals, catalog NB400-135), and HDAC2 (Cell Signaling, catalog 2540).
ChIP. ChIP was performed as previously described (66) . Primary hepatocyte culture and glucose production assay. Primary hepatocytes were isolated from 8-to 10-week-old WT and ChKO mice or 8-to 10-week-old C3H/HeJ mice fed either chow or HFrD for 1 week by perfusion with Liver Digest Medium (Invitrogen) followed by 100 mm mesh filtration and Percoll gradient centrifugation. Isolated cells were seeded into 24-well plates at a density of 2 × 10 5 cells per well in William's E medium (Invitrogen) containing 10% FBS and 2 mM glutamine. Four hours after seeding, the medium was replaced with 0.5 ml of glucose production buffer consisting of glucose-free DMEM without phenol red, supplemented with 5 mM sodium lactate and 0.5 mM sodium pyruvate or 5 mM fructose. After 3 hours of incubation, the medium was collected and the glucose concentration was measured with a colorimetric glucose assay kit (Thermo Scientific). The readings were then normalized to the total protein content determined from whole-cell lysates.
Basal glucose turnover measurements. In vivo assessment of basal glucose turnover was performed by the National Mouse Metabolic Phenotyping Center at UMass Medical School in male, age-matched WT C3H/HeJ mice fed chow or HFrD for 2 weeks or male age-matched ChREBP KO mice and WT littermates fed chow diet following jugular vein cannulation surgery and recovery. Whole-body glucose turnover was assessed as previously described in 2-hour-fasted mice and after a 2-hour equilibration period (4 hours fasted) (67) . Immediately following blood collection, mice were anesthetized, and liver was snap frozen in liquid nitrogen for further analysis.
Insulin-glucose infusion. Eight-week-old C3H/HeJ mice were fasted for 5 hours and then anesthetized using isoflurane. Catheters were inserted into the inferior vena cava. Mice were infused with insulin (50 mU/kg priming dose followed by 1.5 mU/kg/min constant infusion) and glucose (25 mg/kg/min constant infusion) for 100 minutes. Mouse liver was snap frozen in situ using a Wollenberg clamp.
qPCR. TRI reagent (MRC, catalog TR118) was used for RNA isolation from mouse liver and adipose tissue. RNA was reverse transcribed using a SuperScript VILO kit (Invitrogen). Gene expression was analyzed with the ABI Prism sequence detection system (SYBR Green; Applied Biosystems). Gene-specific primers were synthesized by IDT (see Supplemental Table 1 ). Each sample was run in duplicate, and normalized to Rplp0 RNA.
LC-MS for liver metabolites. The liquid chromatography-mass spectrometry (LC-MS) method for measurement of liver tissue metabolites was adapted from Buescher et al. (68) .
